Increasing intramuscular (IM) fat while concomitantly decreasing subcutaneous (SC) fat content is one major goal of pig breeding. Identifying genes involved in lipid metabolism is critical for this goal. Galectin-12 (LGALS12) has been proven to be an important regulator of fat deposition in mouse models; however, the effect and regulatory mechanisms of LGALS12 on porcine adipogenesis are still unknown. In this study, the effects of LGALS12 on fat deposition were explored with primary culture of porcine SC and IM adipocytes. Analysis of LGALS12 expression across different tissues revealed that LGALS12 was predominantly expressed in adipose tissue. The LGALS12 expression patterns across stages of adipocyte differentiation were also evaluated, with differences observed between SC and IM fat. Small interfering RNA (siRNA) of LGALS12 was designed and transfected into porcine adipocytes derived from SC and IM fat. After transfection, the expression level of LGALS12 was significantly reduced, and the number of lipid droplets was reduced in adipocytes from both SC and IM fat. Simultaneously, the levels of adipogenic markers, including PPARγ and aP2, were decreased, whereas hydrolysis markers, including adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL), were increased. Furthermore, the activation of lipolysis signals, such as the phosphorylation of PKA and Erk1/2, were observed with LGALS12 knockdown in terminally differentiated adipocytes from both SC and IM sources. Taken together, these results suggest that LGALS12 knockdown can inhibit adipogenesis of porcine adipocytes by downregulating lipogenic genes and activating the PKA-Erk1/2 signaling pathway.
Introduction
With the increasing capability of pork production, the improvement of pork quality becomes more important than ever. Pork quality is a comprehensive trait which can be described by physical factors such as water-holding capacity, 24-h postmortem pH, cooking loss, drip loss, and shear force [1] . Generally speaking, increasing the intramuscular (IM) fat content is an effective way to improve pork quality [2] . Subcutaneous (SC) fat is another type of pig fat, which mainly includes back and abdominal fat. The accumulation of SC fat is negatively associated with the lean percentage of the carcass, so SC fat deposition is an important economic consideration [3] . Nowadays, increasing IM fat while concomitantly decreasing SC fat is a major goal of pig breeding [4, 5] , and understanding the regulation of lipid metabolism in pig adipocytes is necessary for this goal.
Galectins are an ancient family of animal lectins with conserved carbohydrate recognition domains (CRDs) that have affinity for β-galactosides [6] . These proteins are mainly cytosolic, which lack any signal sequence for transport into the endoplasmic reticulum and can also be found in circulation outside the cells due to non-classical secretion from the cells [7] . Some of the members, especially galectin-1 (LGALS1) and galectin-3 (LGALS3), have been extensively studied, and experimental results suggest that these galectins may have diverse functions, including regulation of pre-mRNA splicing [8] , cell proliferation and differentiation [9] , and apoptosis [10] .
Galectin-12 (LGALS12) was first discovered in 2001 by two independent groups [11, 12] . It has two CRDs separated by a linker sequence and has been proven to be an important regulator of lipid metabolism in mouse models [13] and human myeloid leukemic HL-60 cell differentiation [14] . Like other galectin genes, LGALS12 does not encode a signal peptide and its protein is predominately expressed at the surface of lipid droplets [15] . It has been reported that LGALS12 mainly acts as a regulator of prolipolytic signaling and not as a major structural protein that shields the lipid droplet core from the actions of lipases [16] . Existing data indicate that the initial upregulation of LGALS12 is required for the response of preadipocytes to adipogenic hormone stimulation when cells undergo growth arrest [17] . Ablation of this protein in mice leads to increased lipolysis, decreased adiposity, and amelioration of insulin resistance associated with weight gain [13] . However, the role of LGALS12 in adipogenesis of porcine adipocytes, its regulatory mechanisms, and whether this differs between IM and SC adipocytes remain unclear.
Protein kinase A (PKA) signaling is a major regulator of lipolysis [18] . It is known to be a cAMP-dependent compartmentalized signal initiated by a specific stimulus, then directed to particular cellular sites where a functionally related subset of PKA substrates are phosphorylated and activated [19] . LGALS12 may be localized to regions of lipolytic PKA signaling and contribute to the compartmentalization of PKA signaling by acting as a scaffold protein that interacts with specific signaling molecules [16] . One previous study compared the intracellular cAMP levels of LGALS12 +/+ and LGALS12 −/− adipocytes before and after stimulation with various concentrations of isoproterenol and found that the cAMP level in LGALS12 −/− adipocytes was significantly higher than that in LGALS12 +/+ adipocytes [13] . Thus, LGALS12 may act upstream of PKA to regulate lipolysis by restricting intracellular cAMP level, but this hypothesis has not been verified. In this study, we investigated the involvement of LGALS12 in IM and SC adipocyte formation. The results suggest that LGALS12 contributes to the differentiation of IM and SC adipocytes through regulation of lipogenic gene expression and PKA-Erk1/2 signaling. Our findings enhance our understanding of the role of LGALS12 in porcine IM and SC fat deposition, which may have beneficial implications for the pork industry.
Materials and Methods

Animals
Crossbred pigs (Duroc×Yorkshire×Landrace, male, normal diet) were from the Zhejiang Qinglian Food Limited by Share Ltd (Jiaxing, China). The pigs were handled in accordance with the guidelines of the Jiaxing University Animal Care Committee. Intestinum tenue, spleen, heart, kidney, lung, longissimus dorsi muscle, and adipose tissue were collected from three 3-day-old pigs (1-2 kg). SC fat tissues were collected from three Yorkshire pigs (3-5 days, male) and three Jinhua pigs (3-5 days, male), respectively. All samples were homogenized in liquid nitrogen immediately.
Cell culture and differentiation
IM adipocytes were isolated from longissimus dorsi of piglings (3-5 d) under aseptic environments, SC adipocytes being stripped from the neck and back subcutaneous depot. The tissues were minced and digested with 1 mg/ml collagenase type I (Invitrogen, Carlsbad, USA) at 37°C for 60 min, followed by filtration through 212-and 75-μm nylon mesh. Adipose-derived stromal vascular cells were collected by centrifugation at 1360 g for 7 min and grown in DMEM/F12 (Gibco, New York, USA) containing 1% antibiotic/antimycotic solution and 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere with 5% CO 2 . Cells were cultured to confluence (as Day 0) in growth medium, then induced to differentiate using differentiation cocktail (DMEM/F12 supplemented with 10% FBS, 0.5 mM isobutylmethylxanthine (IBMX), 0.5 mM dexamethasone, 20 nM insulin) for 2 days. The adipocytes were then maintained in DMEM/F12 with 10% FBS and 20 nM insulin for another 4-6 days. During the differentiation process, media were changed every other day [20] .
Transfection of adipocytes with siRNA
LGALS12 (GenBank accession No. NM_001142844.1) small interfering RNA (siRNA) and scramble siRNA oligonucleotides are listed in Table 1 . Cells were transfected using Lipofectamine 2000 transfection reagent (Invitrogen) as described in the manufacturer's protocol. Four hours before transfection, the medium was changed to Opti-MEM ® medium (Gibco, Grand Island, USA). The siRNA Six hours later, the medium was switched to culture medium. Two days before induction, porcine adipocytes were transfected with control or LGALS12 siRNA. Cells transfected with control or LGALS12 siRNA were used for Oil red O staining or adipogenic marker detection by qPCR [21] .
Oil red O staining
After fixation of porcine adipocytes in 4% (v/v) paraformaldehyde solution, the cells were incubated with 0.5% Oil red O for 30 min then washed three times with PBS. Cells were visualized by phasecontrast microscopy (IS-Elements software; Nikon ECLIPSE, Tokyo, Japan). Oil red O dissolved in lipid droplets was extracted with 100% isopropanol and its relative concentration was determined by measuring absorbance at 510 nm [22] . LGALS12 siRNA1
Triglyceride detection
On Day 10 of differentiation after transfection with siRNA, adipocytes were washed three times with PBS. For the determination of cellular triglyceride (TG) content, cellular lipids were extracted with 2% Triton X-100 and intracellular TG content was measured using the triglyceride assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.
Real-time PCR
Total RNA was isolated from tissues or cells using TRIZOL ® reagent (TaKaRa, Shiga, Japan). RNA concentration was determined and reverse transcription was carried out using the First-Strand cDNA Synthesis kit (Takara) for Q-PCR on a Bio-Rad iQ5 multicolor RealTime PCR Detection system (Bio-Rad, Hercules, USA) for the analysis of functional genes including peroxisome proliferator-activated receptor γ (PPARγ), aP2, hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL), LGALS12, and others. Real-time PCR was performed by using qPCR SYBR Green Master Mix (Vazyme, Nanjing, China). β-Actin was used as an internal control. The following experimental run protocol was used: denaturation program (95°C for 10 min), amplification and quantification program repeated 40 times (95°C for 15 s, 60°C for 10 s, 72°C for 15 s with a single fluorescence measurement), melting curve program (60-95°C with a heating rate of 0.1°C per second and a continuous fluorescence measurement). The primer sequences used for this study are summarized in Table 2 . Relative mRNA expression was determined using the 2 −ΔΔCT method [23] .
Western blot analysis
Cells were lysed in lysis buffer (Beyotime, Shanghai, China), supplemented with 1 mM PMSF. Protein from each sample was separated by 12% SDS-PAGE and electrotransferred to PVDF membrane (Millipore, Burlington, USA) for immunoblot analysis. The following primary antibodies were used: anti-HSL (ab45422, 1:500, 90 kDa; Abcam, Cambridge, UK), anti-FAS (ab22759, 1:500, 273 kDa; Abcam), anti-p-PKA (#4781, 1:500, 42 kDa; Cell Signaling, Danvers, USA), anti-PKA (#4782, 1:500, 42 kDa; Cell Signaling), anti-p-Erk1/2 (#9101, 1:500, 44/42 kDa; Cell Signaling), and anti-tubulin (KM9003, 1:500, 57 kDa; Sungene Biotech, Tianjin, China) which was used as the loading control. After incubation with the appropriate HRP-conjugated secondary antibodies (Arigo Biolaboratories, Hsinchu, China), proteins were detected using a ChemiDoc XRS imaging system and Quantity One analysis software (Bio-Rad) [24] .
Statistical analysis
All data are presented as the mean ± SEM and analyzed using SPSS 17.0 statistical software. Differences between groups were analyzed by Student's t-test. P < 0.05 was considered to be statistically significant.
Results
LGALS12 is expressed abundantly in pig adipose tissue and upregulated during adipocyte differentiation
To analyze LGALS12 expression across different tissues, total RNA was isolated from adipose tissue, longissimus dorsi muscle, kidney, spleen, heart, lung, and intestinum tenue of 3-day-old pigs and analyzed by quantitative real-time PCR. The results showed that
LGALS12 was only expressed abundantly in adipose tissue and undetectable in other tissues (Fig. 1A) . Next, SC fat from two pig breeds (Jinhua and Yorkshire pigs) was used to compare LGALS12 expression levels. The expression level of LGALS12 in the SC fat of Jinhua pigs was significantly higher than that of Yorkshire pigs (Fig. 1B) . In order to study the expression trend of LGALS12 during IM and SC adipocyte differentiation, total RNA was extracted at different time points of adipocyte differentiation. Real-time PCR analysis showed that the LGALS12 mRNA abundance in SC adipocytes was significantly higher than that in IM adipocytes (Fig. 1C) . Moreover, the time course analysis showed that LGALS12 mRNA appeared to initially rise and then decrease through the differentiation process of both adipocytes. Interestingly, LGALS12 mRNA level peaked at Day 8 in IM adipocytes, showing 63 times greater expression than that at Day 0. However, in SC adipocytes the expression of LGALS12 reached its maximum at Day 6, being 32 times of that at Day 0 (Fig. 1C) . These data indicated that LGALS12 may play an important role during adipocyte differentiation. 
Detection of silencing effect
To investigate the function of LGALS12 in adipocytes, three siRNA oligonucleotides targeting LGALS12 were constructed, with scrambled siRNA as a control. After siRNA transfection and induction of differentiation for 4 days, both IM ( Fig. 2A) and SC preadipocytes (Fig. 2B) displayed significantly lower levels of LGALS12 mRNA relative to the control groups. These results validated our approach to silence LGALS12 expression in porcine adipocytes, with siRNA2 showing the greatest knockdown efficiency (Fig. 2) by quantitative real-time PCR.
In order to detect the interference efficiency of siRNA on LGALS12 in terminally differentiated porcine adipocytes, LGALS12 mRNA expression was measured after transfection on Day 10 of differentiation. It was found that mRNA expression of LGALS12 was reduced by approximately 48% and 72% in IM and SC adipocytes, respectively (Fig. 2C) . The results showed that siRNA could significantly decrease the expression of LGALS12 and be used in the subsequent experiments.
LGALS12 knockdown inhibits adipogenesis
After confirming the ability of siRNA to knockdown LGALS12, we next aimed to determine the consequences of LGALS12 silencing on adipogenesis. At Day 10 of differentiation, Oil red O staining showed that LGALS12 knockdown inhibited the differentiation of IM (Fig. 3A) and SC preadipocytes (Fig. 3B) . The analysis of Oil red O extraction indicated that the suppression of LGALS12 expression resulted in 60% and 62% decrease in intracellular lipid content of IM (Fig. 3C ) and SC adipocytes (Fig. 3E) , respectively, in comparison with the control at Day 10. In addition, at Day 10 of lipogenesis induction, TG content was also decreased by approximately 70% and 63%, respectively, in IM and SC adipocytes as revealed by TG content analysis (Fig. 3D,F) . These data indicated that the lipid content of adipocytes in the transfected group was significantly reduced.
LGALS12 siRNA suppresses the expression of adipogenic markers Consistent with what was observed in lipid accumulation, the mRNA expressions of adipogenic markers, PPARγ and fatty acidbinding protein 4 (FABP4/aP2), were markedly downregulated in both IM and SC adipocytes after LGALS12 knockdown (Fig. 4A,B) . Furthermore, the levels of fatty acid synthase (FAS) mRNA and protein were significantly reduced following LGALS12 knockdown (Fig. 4C,G,I ). These data indicated that LGALS12 promoted IM and SC adipocyte differentiation in vitro.
Knockdown of LGALS12 increases the expression of key lipolytic genes
We next examined the effects of LGALS12 knockdown on key lipolytic genes, including ATGL, lipoprotein lipase (LPL), and HSL. Compared with the control groups, HSL mRNA and protein levels in the LGALS12 siRNA-transfected group were significantly elevated in both IM and SC preadipocytes (P < 0.05; Fig. 4F,G,H) . The expression of ATGL mRNA was markedly increased in SC adipocytes upon LGALS12 knockdown, whereas no significant changes were observed in IM preadipocytes (Fig. 4D) . In contrast, the expression level of LPL was not found to be significantly affected by LGALS12 siRNA (Fig. 4E) . These data indicated that LGALS12 could inhibit lipolysis in both IM and SC adipocytes.
Effects of LGALS12 siRNA on Erk1/2 and PKA signaling in adipocytes
We next aimed to explore the effects of LGALS12 knockdown on the signaling pathways involved in adipogenesis and lipolysis, focusing on PKA and Erk1/2. Phosphorylation of PKA and Erk1/2 was investigated by western blot analysis. As shown in Fig. 5 , knockdown of LGALS12 increased the phosphorylation of Erk1/2 and PKA in both the IM and SC adipocytes. This suggests that LGALS12 plays a role in suppressing the activity of PKA and Erk1/ 2, which potentially underlies the elevated adipogenesis seen with LGALS12 silencing.
Discussion
Fat accumulation is important for pork production. SC fat affects not only the lean meat percentage of the carcass but also the willingness of consumers to purchase the meat. IM fat affects pork quality. In order to increase fat marbling while decreasing SC fat, it is critical to understand the differential mechanisms regulating the deposition of IM and SC fat cells [25] . Some notable differences have been previously identified; for example, IM adipocytes preferentially rely on glucose and acetate as energy sources, while SC adipocytes mainly use acetate [26] , and triacylglycerol biosynthesis is less sensitive to starvation in IM than in SC adipose tissue. Moreover, the levels of some genes and proteins involved in lipogenesis and lipolysis, such as FAS, LPL, HSL, perilipin, and long-chain fatty-acyl CoA dehydrogenase have been shown to be lower in IM adipocytes, whereas proteins participating in cell growth, such as insulin-like growth factor II (IGF-II), prohibitin-1, and cell division cycle homolog, are higher in IM adipocytes than in SC adipocytes [27, 28] . The above reports indicate that inherent differences exist in the regulation of adipogenesis between SC and IM adipocytes. Thus, identifying key genes involved in adipocyte differentiation and their regulation in porcine SC and IM adipocytes is important for pig breeding. In the present study, we explored the role of LGALS12 in porcine adipogenesis. Our tissue expression profile revealed that LGALS12 was predominantly expressed in adipose tissue in pigs, and that Jinhua pigs, a fatty breed, exhibited higher levels of LGALS12 in SC fat than the lean Yorkshire breed. Additionally, primary cultures of SC and IM adipocytes were analyzed and showed that LGALS12 mRNA was increased by about 32 and 63 folds during adipocyte differentiation. These data suggested that LGALS12 could be an important regulator of pig fat deposition. Notably, LGALS12 expression levels were higher in SC adipocytes than in IM adipocytes. Furthermore, LGALS12 mRNA abundance reached its peak at different time points between SC and IM adipocytes. These differences imply that it could be possible to reduce fat depostion in SC adipocytes without affecting on the fat deposition of IM adipocytes by manipulating LGALS12 expression.
In order to further understand the role of LGALS12 in porcine fat deposition, siRNA was used to knockdown LGALS12 expression in primary porcine adipocytes. We found that LGALS12 knockdown led to significantly reduced intracellular lipid content. Accordingly, levels of key adipogenic genes including PPARγ, aP2, and FAS were downregulated upon treatment with LGALS12 siRNA, consistent with a previous finding that PPARγ and aP2 induction were dramatically impaired in 3T3-L1 cells transfected with LGALS12 siRNA [17] . Furthermore, in leukocytes, suppression of LGALS12 also inhibited lipid droplet formation via regulation of PPARγ expression [29] . It is well known that adipocyte differentiation is a highly regulated process governed by PPARγ [30] , which induces the expression of many genes important for terminal differentiation, such as aP2. In turn, aP2, which is highly expressed in adipose tissue, is able to bind with and transport fatty acids and other lipophilic compounds [31, 32] . Therefore, our results suggest that downregulating LGALS12 decreases intracellular lipid content through inhibition of key adipogenic genes.
Intracellular lipid content is known to be regulated by not only adipocyte differentiation but also lipid metabolism. Broadly speaking, lipid metabolism is comprised of two opposing processes: lipogenesis and lipolysis, each regulated by key enzymes, such as FAS, ATGL, LPL, and HSL. FAS plays a central role in lipogenesis in mammals, and catalyzes the synthesis of long-chain fatty acids from acetyl-CoA and malonyl-CoA [33] . ATGL, LPL, and HSL are believed to contribute significantly to basal lipolysis [34] . In this report, our results showed that LGALS12 knockdown could downregulate the expression of FAS, while upregulating ATGL and HSL expression in porcine adipocytes. Therefore, reduced expression of lipogenesis genes along with the induction of lipolysis genes resulting from LGALS12 knockdown would be expected to decrease net fatty acid and TG content in porcine adipocytes. In mice, fat accumulation has also been reported to be reduced with the ablation of
LGALS12. However, LGALS12
−/− mice only showed enhanced lipolysis, while the levels of enzymes involved in lipogenesis showed no changes. This difference between pigs and mice requires further exploration to fully understand the contribution of LGALS12 to lipid metabolism. Moreover, VPS13C was reported as an LGALS12-binding protein in mouse adipocytes, which is associated with lipid droplets and lysosomes to regulate LGALS12 stability. The upregulation of VPS13C during adipocyte differentiation is necessary for LGALS12 expression, which implies that VPS13C is the upstream of LGALS12 in the cascade of lipid metabolism [35] . However, the mechanistic network in which LGALS12 regulates the expression or activity of lipogenesis and lipogenic enzymes remains unknown. In addition to the serial induction of transcriptional regulators, modulation of intracellular signaling molecules is essential for adipocyte differentiation. Two of the well-characterized signal transduction pathways are the cAMP/cAMP-dependent PKA and the mitogen-activated protein kinase (MAPK) pathways which include c-Jun NH2-terminal kinase (JNK), Erk, and p38 pathways [36] . Furthermore, the PKA and MAPK pathways do not operate Figure 4 . Knockdown of LGALS12 decreases the expression of adipogenic markers and increases the levels of key lipolytic genes (A-F) mRNA levels of PPARγ, aP2, FAS, ATGL, LPL, and HSL measured by real-time qPCR analysis, respectively. (G) Western blot analysis was used to assess protein levels of FAS and HSL after transfection and induction of differentiation for 10 days. (H-I) Quantification of FAS and HSL protein level was performed using image J and data were shown. Data are expressed as the mean ± SEM, n = 3. *P < 0.05, **P < 0.01, compared with scramble group. Differences between groups were analyzed by t test.
independently of each other, but multiple crosstalk events between these pathways can occur. For example, it has been shown that both PKA the upstream of the Erk pathway [37, 38] . Here, the increased phosphorylation of both PKA and Erk1/2 was detected with LGALS12 knockdown in terminally differentiated porcine adipocytes. It is possible that phosphorylated Erk1/2 results from PKA activation. cAMP/PKA pathway has been well characterized in the process of lipolysis [39] . However, the functions of Erk1/2 in adipocyte differentiation are still unclear. Some previous studies showed that phosphorylated Erk1/2 inhibited 3T3-L1 adipocyte differentiation by decreasing the activation of PPARγ [40] . In contrast, others reported that Erk1/2 activation had a positive association with adipogenesis in human mesenchymal stem cells and 3T3-L1 adipocytes [41] . We hypothesize that these opposite effects of Erk1/2 on lipogenesis may be related to the activation at different periods during differentiation. Erk1/2 needs to be activated during early lipogenesis for normal clonal expansion, while p-Erk1/2 stimulates p-PPARγ, which leads to the inhibition of lipogenesis in later adipogenic stages. Therefore, our results indicated that adipogenesis stimulated by LGALS12, defined by the upregulation of PPARγ and aP2, was through the PKA-Erk1/2 signaling pathways.
In summary, experimentally decreasing LGALS12 expression inhibits adipogenesis in porcine adipocytes through downregulation of the mRNA and protein levels of key adipogenic genes by PKA-Erk1/ 2 pathways. These findings not only help to understand the mechanism whereby LGALS12 influences adipogenesis but may also provide a novel method to control adipogenesis to improve pork quality.
